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a b s t r a c t 
The construction sector is a key actor for achieving the sustainable development goals, particularly from 
an environmental point of view, due to the significant sector’s contribution to energy consumption, green- 
house gas and pollutants emissions, waste generation, resources depletion etc. Life Cycle Assessment 
(LCA) is a multi-criteria tool to assess environmental impacts, preventing the impact transferring from 
one life cycle stage to another and thus is widely used to support decision-making. 
Consequential LCA (CLCA) can be particularly relevant for decisions involving non-marginal changes and 
may have an important role in supporting decision-makers of the construction sector by giving a wider 
comprehension of the environmental impacts associated with the changes caused by their decisions. 
Particularly when assessing large-scale consequences, it is recommended to couple an economic model 
to the CLCA methodology to assess the changes in the background system. Therefore, this research aims 
at reviewing the CLCA works applied to the construction sector and the use of economic models in CLCA 
for assessing non-marginal changes. For that, the review is divided in two parts: the first reviews the 
CLCA works and papers in the construction sector; and the second part reviews CLCA studies that assess 
non-marginal changes, regardless the activity or sector. 
© 2020 The Author(s). Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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(. Introduction 
The buildings and construction sector (residential and tertiary)
s a key player to attain sustainable development goals. Regard-
ng energy consumption, the sector has the largest shares in a
lobal perspective, responding for 36% of the global final energy
onsumption in 2017 ( UN Environment and International Energy
gency, 2017 ). 
Regarding greenhouse gas (GHG) emissions, the sector’s contri-
ution was around 39% of 2017’s global GHG emissions ( UN Envi-
onment and International Energy Agency, 2017 ). 
The sector is also responsible for emitting important amounts
f pollutants such as particulate matters (PM), polycyclic aromatic
ydrocarbons (PAH), hydrofluorocarbons (HFC) and polychlorinated∗ Corresponding author at: Université Paris-Est, Centre Scientifique et Technique 
u Bâtiment, 24 rue Joseph Fourier, 38400 Saint-Martin-d’Hères, France. 
E-mail address: denise.almeida@cstb.fr (D.T.L. Almeida). 
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u
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212-8271/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) i-benzo-dioxins (PCDD), for example ( CITEPA, 2019 ). In France,
uildings and construction sector accounts for more than 50% of
hese four pollutant groups ( CITEPA, 2019 ). 
Waste generation and resource consumption are other signifi-
ant activities for buildings and construction sector. In France, for
xample, the sector’s share for waste generation is around 75%
 Ministère de la Transition Ecologique et Solidaire, 2015 ). Concern-
ng material resources, 40 out of 93 billion tons of resources ex-
racted globally each year are addressed to the buildings sector and
ess than 10% of the construction materials come from a circular
conomy ( Rapf, 2015 ). 
Therefore, the sector recognizes the urgency for actions to re-
uce the environmental impacts ( International Energy Agency and
nited Nations Environment Programme, 2018 ). From this perspec-
ive, life cycle assessment (LCA) is a recognized tool to assess envi-
onmental impacts from a life cycle viewpoint and thus is widely
sed to address this issue. under the CC BY-NC-ND license. 
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eA variety of LCA approaches is available in the literature. Guinée
et al. (2018) provide a non-exhaustive review of the currently used
LCA approaches. According to the authors, the most known and
discussed in the literature are attributional and consequential LCA.
Consequential LCA (CLCA) is defined by UNEP’s Global Guidance
Principles for LCA Databases as ’a modeling approach that provides
information on the environmental burdens that occur, directly or
indirectly, as a consequence of a decision, generally represented by
changes in demand’ ( UNEP, 2011 ). 
Because of this direct relationship between CLCA and decision-
making, this approach can play an important role in helping
decision-makers of buildings and construction sector while provid-
ing a wider comprehension of the environmental impacts caused
by their decisions, in particular when assessing large-scale policies.
Despite the LCA community’s lack of consensus on the crite-
ria for choosing one approach or another ( Guinée et al., 2018 ), it
seems to be a common-sense that CLCA is relevant for strategical
decisions involving changes ( Guiton and Benetto, 2013 ) or for as-
sessing the environmental consequences of non-marginal changes
( EC-JRC, 2010 ). 
In this purpose, biofuels and agricultural sectors have lever-
aged the development of the CLCA methodology, mainly for assess-
ing large-scale effects of new biofuel policies ( Roos and Ahlgren,
2018 ). Normally, these works couple an economic model to the LCA
methodology with the aim of identifying the effects in the econ-
omy caused by a non-marginal change ( Yang and Heijungs, 2018 ).
An economic model can be defined as a tool that tries to capture
and represent reality using a set of variables and quantitative cor-
relations. 
There is a variety of modelling types, based on a set of assump-
tions and presenting its own strengths and weaknesses. 
Considering the construction sector’s recognized need of includ-
ing an LCA perspective in decision-making, the consensual percep-
tion that the consequential approach is useful for this matter and
the importance of the choice of economic models in CLCA, the goal
of this research is two-folded: i) to review the CLCA works applied
to the construction sector and ii) to review the use of economic
models in CLCA for assessing non-marginal changes regardless the
sector. 
Therefore, this review is divided in two parts: firstly, we review
publicly available CLCA studies in the construction sector; and, sec-
ondly, we review non-marginal CLCA studies. This latter needs to
explore sectors that have a similar problematic relative to the con-
sequential effects. Thus, studies in the domain of agriculture, bio-
fuels, energy and mobility have been reviewed. 
This paper will first discuss the size and time horizon, then
look at the different economic models, before proposing a review
method and some results. 
2. Reviewing criteria 
The greatest challenge of conducting a CLCA is to identify how
the unit processes are linked and how a change made by a deci-
sion will affect them. We can cite some key elements: the size and
time horizon of the change, rebound effects, choice of economic
models and uncertainty. Since the choice of the economic model
depends on the size and time horizon of the change, both are se-
lected as reviewing criteria in this paper as well as the choice of
the economic models. 
2.1. Size and time horizon of the change 
The definition of CLCA implies that the consequential assess-
ment evaluates a change in demand or supply. Following this defi-
nition, the change may present different scales that will affect dif-erently the market parameters and thus will need a different type
f economic model, depending on the size of the market effects. 
A small-scale change may be defined as the change that does
ot affect the overall market parameters, such as the market trend
r constraints in production ( Weidema et al., 2009 ) while large-
cale, on the other hand, would affect them. 
Frischknecht and Stucki (2010) proposed a quantified method
or defining the scale of the change in demand as small, medium
r large. They propose the following indicators: 
• Annual consolidated turnover relative to the annual gross do-
mestic product 
• Monetary or physical purchase volume from relevant economic
sectors relative to the annual consolidated turnover of the sec-
tors or the annual total volume of outputs of the sectors, re-
spectively 
If the indicator is lower than 0.1% it is considered as small scale,
f it is greater than 0.1% but smaller than 1% it is considered as
edium scale, otherwise, it is large-scale. 
The authors argue that an economic criterion might be used
ather than an environmental one because the environmental con-
equences occur as a result of the goods and services that are af-
ected by the change. 
The general guide of the International Reference Life Cycle Data
ystem (ILCD) provides a rule based on the annually installed ca-
acity for considering a change as “small” or “big”. The latter oc-
urs if the annual additional demand or supply is larger than the
sual annually replaced installed capacity ( EC-JRC, 2010 ). The guide
ses the inverse of the production equipment lifetime as an exam-
le of determining annual capacity (i.e. 4% for a 25 years’ lifetime).
n this example, the installed capacity of producing a globally
raded material “X” is considered as 10 Mt/year and, thus, an an-
ual demand that exceeds 0.4 Mt (0.04 × 10 × 10 6 t = 40 0,0 0 0 t)
f the material X shall be assumed as large scale, as it triggers an
dditional capacity beyond the replacement of old plants. 
Concerning time horizon, several definitions can be applied to
efine short, medium and long-term. Because of the ubiquitous use
f these terms, it is difficult to have a consensual definition of time
anges for each horizon type. 
Some references ( Frischknecht and Stucki, 2010 ; Burfisher,
012 ) argue that short-term changes affect only capacity utiliza-
ion while long-term changes would also affect capital investment,
or example when installing new facilities (demand increase) or
eactivating installations (demand decrease). Large-scale (or non-
arginal) changes will usually affect capital investment and are
hus also long-term. 
From an environmental viewpoint, the concept of time horizon
s usually associated with the reversibility of damage. When as-
essing environmental risks, for example, it is based on the time
ecover after the damage, being short-run (months to years) or
ong-run (three to five years to decades) ( Noy, 2016 ). 
It is important to note that a succession of short-term changes
an result in a long-term, for both perspectives ( Weidema et al.,
009 ). 
.2. Economic models 
According to Yang and Heijungs (2018) , economic models can
e linear or nonlinear. Linear models consider a linear relationship
etween the cause and effect and, thus, an increase or decrease
n the cause (e.g. 10% increase in the demand of functional unit)
ill result in a proportional reaction on the effect (e.g. increase in
0% of the production by the marginal suppliers). It is consensus in
he literature that, for small-scale (marginal) changes, linear mod-
ls are appropriate for identifying the affected processes. 
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Table 1 
CLCA applied to the construction 
sector, size of the change. 
Size of the change Number 
Small-scale 22 
Medium-scale 2 
Large-scale 1 
Total 25 
Table 2 
CLCA applied to the construction sector, time horizon. 
Economic model Number 
Short-term and long-term 1 
Short-term, mid-term and long-term 1 
Long-term 13 
No information 10 
Total 25 
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t  Nonlinear models, on the other hand, consider other factors to
btain the cause-effect correlation, for example, the cumulative ef-
ect that results in a crisis or price elasticity. These models are suit-
ble to non-marginal changes, when the affected processes may re-
pond differently than expected. 
.2.1. Supply and demand analysis 
Supply and demand analysis are linear models, based on the
aw of supply and demand and consists of studying the interac-
ion of buyers and sellers in determining the prices and quantities
f transactions ( Dandres, 2012 ). Price evolution is determined by
he elasticity of supply (or demand) and simultaneously reflects
he value for the buyer to purchase a marginal unit and the cost
o the seller of that unit ( Dandres, 2012 ). 
Weidema et al. (2009) provided a step-wise procedure to iden-
ify the marginal suppliers within a CLCA. This method consists of
ollowing the 4 steps: 
• Identifying the scale and time horizon of the change 
• Identifying the limits of a market 
• Identifying trends in the volume of a market 
• Identifying changes in supply and demand 
.2.2. Computable general or partial equilibrium 
Equilibrium models calculate the new equilibrium established
fter a shock in a system. These nonlinear models use the the-
ries of neoclassical economists Léon Walras, for general equilib-
ium, and Alfred Marshall, for partial equilibrium, for defining the
quations describing the interactions between the economic actors
 Dandres, 2012 , Burfisher, 2012 ). 
Computable Partial Equilibrium Model (CPEM) differs from
omputable General Equilibrium Model (CGEM) with regard to the
xtension of the model. While a CPEM describes economic behav-
or in one industry holding prices and quantities in the rest of the
conomy constant, CGEM describes the economic behavior of the
hole economic activities ( Burfisher, 2012 ). 
.2.3. Agent-based models (ABM) 
ABM are bottom-up, nonlinear and dynamic socio-economic
odels that take into account the interaction between the different
gents involved in the study. Agents are completely autonomous
nd make decisions according to a set of rules in common to all
ntities that are reunited as the same agent ( Davis et al., 2009 ;
uerini and Benetto, 2014 ; Bonabeau, 2002 ). 
.2.4. Stock-flow consistent models (SFC) 
SFC are post-Keynesian models that use specific Social Account-
ng Matrix (SAM) to ensure that each payment flow comes from
omewhere and goes somewhere and that every financial stock is
ecorded as a liability for an actor and an asset for the other so
hat there are no black holes in the model ( Caiani et al., 2016; God-
ey and Lavoie, 2007 ; Le Héron, 2018 ). Traditional SFC models are
onlinear and highly aggregated, dividing the economy into insti-
utional sectors, typically: households, banks, firms and the public
ector ( Caiani et al., 2016 ). 
. Method adopted for the literature review 
This review was carried out in two parts, the first part was fo-
used on the construction sector and the second one on CLCA stud-
es concerning non-marginal changes. 
The aim of the first part is to identify the publicly available
apers and works presenting a CLCA methodology applied to the
onstruction sector, with no restriction with regard to the size of
he studied change. 
The second part focused on the publications that adopt a CLCA
ethodology to study non-marginal changes and the economicodels that are used in these assessments. As medium- and large-
cale changes present usually long-term effects, the second part of
his review is focused only on the economic models. 
The research was conducted using Scopus and Google Scholar
o search for publications (papers, works, reports) on this matter,
vailable in English or French. 
. Results 
.1. Construction sector 
This review found 25 studies that adopted a CLCA approach to
valuate environmental impacts in the construction sector. This is
 small sample, however, some observations may be pointed out. 
The first study dates from 2007 and, from 2013 onward, it is
bserved an increase in the interest for CLCA by the sector, with a
eak of publications in 2016. This increase in interest is associated
ith the launch of the Ecoinvent version 3 in 2013, which included
 consequential database based on the step-wise method provided
n ( Weidema et al., 2009 ). 
Among the CLCA’s works, 15 publications compare the ALCA
nd CLCA methodologies, most of them date from 2007 to 2014,
howing that the dichotomy ALCA-CLCA has become less impor-
ant in recent years. 
Table 1 presents the number of publications for each scale of
hange evaluated in the studies (small, medium and large). 
The majority of works assesses small-scale changes (22 out of
5) and, of these, 8 explicitly specify the use of the Ecoinvent con-
equential database, corroborating the importance of an available
atabase for conducting CLCA studies. 
The only publication found by this research that can be consid-
red as a large-scale change assesses the increase in demand of 1
illion apartments by year in Europe using wood-based construc-
ion materials ( Eriksson et al., 2012 ). The authors use an integrated
pproach by coupling CLCA with a partial equilibrium model. 
The time horizon of the studied change is explicitly mentioned
n 15 publications. The great majority considers long-term changes,
hich is one of the assumptions from Ecoinvent consequential
atabase as it is the situation “by default” ( Weidema et al., 2009 ). 
Table 2 summarizes the time horizons adopted by the studies
onsidered in this review. 
Two studies use more than one time horizon to analyze the
ifference in the conclusions when changing this parameter ( Kua,
015 ; Kua and Lu, 2016 ). The first one ( Kua, 2015 ) assesses the
eplacement of sand by steel slag for concrete production in Sin-
apore. The author considers three consequential scenarii: short-
erm, midterm and long-term. The difference between them is how
190 D.T.L. Almeida, C. Charbuillet and C. Heslouin et al. / Procedia CIRP 90 (2020) 187–191 
Table 3 
CLCA applied to the construction sector, economic model. 
Economic model Number 
Supply and demand analysis 17 
(of which step-wise from ( Weidema et al., 2009 ) ) (12) 
CPEM 3 
No information 5 
Total 25 
Table 4 
CLCA applied to the construction 
sector, economic model. 
Economic model Number 
CGEM 5 
CPEM 11 
CGEM and CPEM 1 
ABM 6 
Linear equations 3 
Total 26 
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n  the substitution will interact with other sectors triggering or not
reductions/increase in consumption or import/export of sand. 
The second one ( Kua and Lu, 2016 ) studies the replacement
of tempered glass by polycarbonate in constructions in Singapore,
considering two time horizons: short-term and long-term. The au-
thors conclude that the short-term consequences and ALCA present
the same results and they highlight that the long-term effects
should be included in assessments for policymaking. 
With regard to the use of economic models, Table 3 synthesizes
the number of publications according to the type of model chosen
by the study. 
Twelve works state using the step-wise procedure provided by
Weidema et al. (2009) , which is consistent with the size of the
change assessed by these studies. 
Regarding the three studies that use a CPEM, two of them
are the works that studied a medium-scale change (see Table 2 )
( Lesage et al., 2007a, 2007b; Skullestad et al., 2016 ). The third one
studies the increase in demand for wood-based materials for a mil-
lion apartments by year scenario ( Eriksson et al., 2012 ). 
4.2. Other sectors 
In this current review, we analyzed 26 CLCA studies that cou-
ple an economic model to assess non-marginal changes. Table 4
presents the economic models used in the reviewed studies. 
The majority of the studies presents an equilibrium model to
identify market effects. Concerning general equilibrium models,
they are used in five publications, including the first three re-
viewed in this paper ( Kløverpris et al., 2008 ; Hedal Kløverpris et
al., 2010 ; Dandres et al., 2011 ). All of them use the model Global
Trade Analysis Project (GTAP), which is a model that has a consid-
erable level of disaggregation of economic sectors and for this rea-
son is used for studying the global effects of environmental poli-
cies ( Dandres, 2012 ). 
According to our review, the application of CGE in CLCA has de-
creased in the last years, even though we found a publication from
2018 using GTAP to couple input-output with macro LCA to assess
biofuels in transport policies ( Somé et al., 2018 ). 
On the other hand, the use of partial equilibrium models in
CLCA has increased since its first application in 2011 ( Whitefoot
et al., 2011 ). In this study, the methodology is applied to a design-
ing decision to downsize the engine of a mid-size vehicle of 25%
and conclude that the proposed methodology captures important
ripple effects that could influence decision making. Concerning ABM, this review found an increase in their use in
ecent years. The first one is from 2013 ( Miller et al., 2013 ) and it
tudies the emerging use of switchgrass to produce biofuels in or-
er to meet the renewable energy goals. ABM is chosen to include
he landowners’ behavior through three attributes: profitability, re-
istance to change and technology familiarity. 
Some authors have coupled ABM to CLCA to study mobility
ystems ( Querini and Benetto, 2014 ; Querini and Benetto, 2015 ;
asconcelos et al., 2017 ). The choice of ABM is justified by the
mportance of drivers’ behavior and social interactions in mobility
olicies. 
The most recent ABM-LCA works found in this review are re-
ated to agriculture processes ( Marvuglia et al., 2016 ; Navarrete
utiérrez et al., 2017 ) and are a part of the MUlti agent Simula-
ion for consequential life cycle assessment of Agro-systems project
MUSA), developed by the Luxembourg Institute of Science and
echnology (LIST). The project analyzes the agricultural and eco-
omic consequences of prospective scenarios of biogas production
rom maize over the long-term [44]. 
Three works use linear relationships between supply and de-
and to define the market effects of a non-marginal change. The
rst one ( Rajagopal et al., 2011 ) proposes a methodology for as-
essing indirect land-use change based on a linear condition to de-
cribe the response of supply and demand. The other two ( Styles
t al., 2015b, 2015a ) use a tool from UK Department for Environ-
ental, Food and Rural Affairs (DEFRA), which scales-up LCA re-
ults to evaluate large-scale changes. 
. Discussion 
Some authors argue that computational equilibrium models do
ot represent consistently reality ( Caiani et al., 2016; Godley and
avoie, 2007; Le Héron, 2018 ). Being rooted in neoclassicism, equi-
ibrium models present assumptions of perfect behavior, as, for
xample, rational expectations, which implies that representative
gents know the “true model” of the economy and will react ratio-
ally to a shock ( Caiani et al., 2016 ). 
The limitations of equilibrium models can be also related to the
ay of computing the long-term equilibrium ( Bonabeau, 2002; Le
éron, 2018 ). In neoclassic models, this latter defines the succes-
ion of short-term equilibriums and determines the growth needed
o result there ( Le Héron, 2018 ), resulting in important inconsisten-
ies and lack of reality. 
ABM presents key advantages for coupling with CLCA method-
logy because they are bottom-up models and allow to represent
ndividuals directly, by their interactions with each other and the
nvironment ( Baustert and Benetto, 2017 ), with more realistic as-
umptions than equilibrium models. However, accounting inconsis-
encies can also be found in these models. 
SFC are accounting consistent, however highly aggregated. To
ddress the limitations from both ABM and SFC, some authors pro-
ose a coupling between ABM and SFC, the so-called AB-SFC mod-
ls ( Caiani et al., 2016; Nikiforos and Zezza, 2017 ). This research
id not find any application case of AB-SFC model with CLCA. 
. Conclusion 
This paper reviews twenty-five studies of CLCA in the construc-
ion sector. It was observed that the majority of them considers
mall-scale and long-term changes, using linear models to identify
he marginal suppliers and technologies that are affected by the
tudied change. Only three papers may be considered as studying
on-marginal changes and all the three use an equilibrium model,
ore precisely a CPEM. 
This paper also reviews twenty-six studies of CLCA that assess
on-marginal changes, using the economic model choice as a cri-
D.T.L. Almeida, C. Charbuillet and C. Heslouin et al. / Procedia CIRP 90 (2020) 187–191 191 
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Y  erion. The majority of them couples a computational equilibrium
odel to CLCA, most of them use a CPEM. 
Our review of the literature suggests some conclusions. The
ime horizon of the studied change is normally consistent with the
hosen economic model. However, an important number of studies
o not mention this parameter. 
The use of nonlinear models seems necessary to identify the
ffected markets in an economy-wide perspective. Nowadays, the
quilibrium models are the most commonly applied on CLCA stud-
es, although they have been criticized in recent publications be-
ause of their significant limitations. These issues could be ad-
ressed by other modelling tools, such as ABM simulations, SFC
odels or yet AB-SFC. Indeed, we observed an increase in the use
f ABM simulations in CLCA studies. 
We recommend the development of tools capable of widen-
ng the boundaries of conventional life cycle assessments (to in-
lude economy-wide effects) while keeping economic consistency.
ndeed, AB-SFC may be an interesting tool in this sense and further
esearch on coupling CLCA with AB-SFC is recommended. 
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